Device to device (D2D) 
Introduction
The recent growth of mobile broadband users and the introduction of new applications such as the internet of things (IoT) and machine-to-machine (M2M) communications has resulted in a tremendous increase in mobile data volume. The data traffic is expected to increase further in the coming years, which will worsen the spectrum scarcity and cause overburdening of the cellular infrastructure [1] . Among the technologies being considered for increased spectrum utilization and traffic offloading, direct data exchanges between the users, known as device to device (D2D) communications has emerged as a promising new technology [2] . The D2D communication leverages the short distance typically encountered in IoT and M2M communication to offload traffic from the cellular infrastructure and increase spectrum utilization.
Several methods of D2D communication have been proposed in the literature [3] [4] [5] . This includes D2D devices using dedicated resources along with the cellular users in an overlay fashion. In this method, the cellular infrastructure must coordinate between cellular and D2D pairs. This requires additional control signaling that degrades the spectrum utilization and network latency. In the underlay mode of D2D communications, D2D pairs share spectrum with cellular users, this increases the spectrum utilization but may also increase interference to and from the cellular users.
The problem of resource allocation and interference management among D2D pairs has received significant research interest. New interference management and mitigation techniques were proposed in [6] , [7] . In [5] , intelligent resource allocation was proposed to maximize the achievable throughput. In [8] the authors proposed optimal transmission schemes to maximize the ergodic capacity. In [9] [10] [11] , the authors proposed the use of advanced mathematical techniques such as nonlinear programming and game theory to maximize throughput.
Spread spectrum techniques such as multi-carrier code division multiple access (MC-CDMA) have inherent interference mitigation capability, nevertheless, they have received little attention in D2D communications. It is well-known that the transmission power of spread spectrum-based D2D pairs remains below the noise floor. Therefore, they cause minimal interference to the orthogonal frequency-division multiple access (OFDMA)-based cellular users (e.g. LTE users in 4G and 5G) in an overlay scheme [12] . Furthermore, the spread spectrum signal of the D2D pairs inherently has high tolerance to narrow band interference caused by the cellular users [12] so that complicated resource allocation techniques for interference mitigation are not required. As such, the spread spectrum techniques require little or no control signaling for coordination and are therefore simpler to implement [13] [14] [15] .
In [12] and [16] , the authors investigated a D2D communication system employing multi-carrier code division multiple access (MC-CDMA). The authors analyzed signal to interference and noise ratio (SINR) and bit error rate performance of the system but did not analyze ergodic capacity. Ergodic capacity of D2D communication has also been analyzed in different scenarios. In [17] , ergodic capacity is optimized while minimizing power consumption in a downlink, Rician fading environment. In [18] resource allocation to maximize ergodic capacity of a D2D link is analyzed in a vehicle to infrastructure (V2I) scenario. However, no work is reported in the literature that analyze ergodic capacity of spread spectrum techniques in D2D communication.
In our work, we analyze the ergodic capacity that can be achieved by D2D pairs employing MC-CDMA while co-existing with cellular users in an underlay mode. Our analysis considers carrier frequency offset impairment at the receiver and interference from both cellular and other D2D pairs under Rayleigh faded links. The derived expression requires a single integration and gives a tight lower bound to ergodic capacity.
The remainder of this paper is organized as follows. Section 2 presents the system model. In Sec. 3 the closedform expressions for ergodic capacity is derived. Section 4 provides the numerical results along with relevant discussion. In Sec. 5, some concluding remarks are given.
System Model
Consider D2D communication underlaying a cellular network. Cellular users communicate with the base station using OFDMA (e.g. LTE, WiMax etc), while the D2D pairs communicate using MC-CDMA and share the available frequency band. Let the transmitted symbol of a typical D2D user be given as
where b d (t) and c d [n] are the d-th transmitter's information bearing signal and spreading code, respectively, we assume c d [n] ∈ {−1, 1} with equal probability. N p is the number of subcarriers used by each D2D user and f n represents frequency of the n-th subcarrier. Let there be K + 1 D2D pairs and C cellular users, where each cellular user uses N c subcarriers. This means that C × N c subcarriers are used by the cellular users. For ease of analysis, and without loss of accuracy, the system is equivalently modeled as L = C × N c single-carrier cellular users. Let there be a pair-wise power control mechanism such that the received signal power at every D2D receiver is equal, and set to unity without loss of generality. The transmitted signal is subjected to slow-flat multipath Rayleigh fading channel and distance-dependent pathloss. The channel gain of the n-th subcarrier due to fading is G n = Z−1 l=0 g l e −j2π f n τ l , where g l and τ l are the complex amplitude and propagation delay of the l-th path, where l ∈ [0, Z − 1]. We assume that all g l are zero mean uncorrelated complex Gaussian random variables with normalized power such that
, where E is the expectation operator. Therefore {G 0 , . . . , G N p −1 } are zero mean complex Gaussian random variables with unit variance. The received signal at the D2D receiver of interest can then be written as
where r k is the distance between the k-th transmitter and the D2D receiver of interest, and β is the pathloss exponent. Furthermore, k is the normalized carrier frequency offset between the k-th transmitter and the receiver of interest, and T is the symbol duration. In (2), the first term is desired signal component, the second term is interference from other D2D transmitters, the third term is interference from the cellular users, and the fourth term η (t) is due to noise that is assumed to be Gaussian with two sided power spectral density of N 0 . The D2D receiver is assumed to perfectly estimate and compensate the frequency offset, so that, it does not appear in the desired signal component. In (2), α is a ratio between average power transmitted on a single subcarrier by a cellular user and the average transmit power of a D2D transmitter. Since cellular users are expected to transmit at a higher power level than D2D transmitters, in the considered system model α ≥ 1. The received signal is decoded by a conventional correlation receiver with maximum ratio combining, resulting in a decision variable Z given as
The decision variable can be separated into four components: a desired signal S, interference from other D2D pairs I D , interference from the cellular users I C and noise N. These components can be individually written as
This noise component N in the test-statistic Z provided by the decoder at its output is due to η(t) in the received signal waveform R(t), its variance is N 0 . Since Z is sum of a large number of independent random variables, its distribution can be assumed Gaussian in light of the central limit theorem. The conditional mean of Z is given as
where E s is the symbol energy. This conditional mean has a contribution from S only, because the interference and noise terms are zero mean. On the other hand, the conditional variance has contributions from interference and noise terms only, because we are conditioning on all random variable in S.
Using (4)- (8), the instantaneous SI N R at the D2D receiver of interest can be expressed as (9) can be further simplified as
Using the instantaneous SI N R expression in (10), the ergodic capacity of the D2D pair can be found using Shannon's capacity formula C = E log 2 (1 + SI N R) . However, a direct computation of the expectation involves (K + 1) × N p + L × N c simultaneous integrations, making this approach intractable. In the next section, we attempt to simplify the capacity expression.
Ergodic Capacity Analysis
The ergodic capacity of a D2D pair in the presence of K other D2D pairs and L cellular users can be expressed, using (10) as
It can be easily shown that log 2 (1 + SI N R) is convex as its second derivative is strictly non-negative for all positive values of SI N R. Therefore, Jensen's inequality can be applied on (11) to obtain
whereχ k,n = E r −β k χ k,n , since r k and χ k,n are indepen-
n where a and R are minimum and maximum values of r k respectively. We used the pdf of r k as f r k (r) = 2r/(R 2 − a 2 ), which can be easily proved. Solution to E χ k,n is given in Appendix in [19] . Using Lemma 1 in [20] (12) can be written as
Es dz. (13) In (13), the terms in the exponents are independent, hence the expectations can be taken separately. Furthermore, summations in the exponents can be written as multiplications of exponentials, therefore (13) can also be written as
Es dz. (14) Using (4a) in [21] , i.e. MGF of Gaussian quadratic forms, (14) can be written as
where
| represents determinant of a matrix. Equation (15) is the desired expression for lower bound to ergodic capacity of a D2D link in the presence of other D2D pairs and cellular users in a Rayleigh fading environment. It requires a single integration as compared to (K + 1) × N p + L integration's originally.
Numerical Results
In this section we provide simulation results to validate the analysis. Monte Carlo method was used to validate the lower bound to ergodic capacity expression in (15) , where SINR is given in (10) . Simulation parameters are given in Tab. 1.
In Fig. 1 , the ergodic capacity is plotted against E s /N 0 , it shows a steady increase in the ergodic capacity of the D2D pairs with increasing SNR (E s /N 0 ). There is also a significant increase in the capacity when the number of subcarriers used by D2D pairs N p is increased. This is because spreading the signal on a larger number of subcarriers increases its ability to combat fading and interference from both cellular and other D2D pairs. The simulation results closely follow the analytical plots, confirming the validity of the presented analysis. Note that even at 0 dB, D2D pairs are able to achieve ergodic capacity of 1 bit/sec/Hz, which is quite significant. This is due to the inherent tolerance of MC-CDMA to interference. This makes MC-CDMA a good choice for D2D communication when device coordination for resource allocation etc is not possible. Figure 2 shows the reduction in ergodic capacity with an increasing number of cellular users L, while the number of D2D pairs K is kept constant. It was generated for E s /N 0 value of 20 dB. Since the cellular users are a major source of interference for the D2D pairs, an increase in L results in more interference and hence the drop. This reduction is more pronounced for a higher value of α, which corresponds to higher transmit power of the cellular user, per subcarrier, relative to a D2D user. The reduction in capacity is around 20% for α = 1 and around 50% for α = 5, when L is increased from 0 i.e. no cellular user to 256 i.e. maximum possible cellular users. Therefore, it is apparent that D2D communication is still possible, albeit at a slower rate, even when maximum possible cellular users are active. This is because a relatively large spreading factor N p of 256 is used for the D2D pairs. Similar results are shown in Fig. 3 , where ergodic capacity is plotted against number of D2D pairs K, while keeping the number of cellular users constant. There is a reduction in the D2D capacity with an increase in K, due to the increasing interference from new D2D pairs, however, the overall effect is not significant (around 13%). This also shows the benefit of using MC-CDMA for D2D pairs in combating interference from both cellular and other D2D pairs.
In Fig. 4 , ergodic capacity is plotted against the cell radius. In order to keep the comparison fair, the number of D2D pairs is steadily increased with increasing R, while keeping a constant D2D user density and L. It can be seen that the capacity initially increases with cell size. However, after a certain size the increase becomes insignificant. This is because in larger cells the users are more spread out and hence offer lesser interference due to the pathloss factor. This shows that small cell size has little benefit and increasing cell size results in capacity gain, however, this gain has a diminishing return with cell size. 
Conclusion
We have derived a novel expression for lower bound to ergodic capacity of a D2D communication pair that uses MC-CDMA and operates in underlay mode with a cellular network. Our expression is computationally efficient and can be used to analyze the achievable ergodic capacity, in a variety of interference scenarios. Our results show that MC-CDMA can be used for D2D communication underlying cellular networks. High ergodic capacity is achieved as MC-CDMA is resilient to interference from both cellular users and other D2D pairs. Furthermore, it requires little or no overhead for resource allocation, thus its implementation is simple. It is also shown that larger cell sizes give higher ergodic capacity, however, this gain has a diminishing return with cell size. This work can be extended in future by considering a heterogeneous network of base stations. 
